The paper includes the results of computational tests conducted to compare coal combustion to the natural gas co-firing with coal in the combustion chamber of the conventional OP230 boiler with low-emission front burners and open-fire air (OFA) nozzles. It was shown that co-firing coal with the co-fuel with high content of methane can result in the reduction of NOx emissions about 40% compared with the coal combustion. The results obtained can be used as a benchmark for comparative computer tests of indirect co-firing of coal with syngas derived from wood-and agriculturally-based biomass and waste products.
Introduction
The energy sector is interested in energy-efficient and economically rational low-carbon technologies of electricity and heat production, including the use of biomass. One of these is the indirect co-firing wherein, the substitute of gaseous fuel in the form of a low calorific syngas produced from the highly efficient gasification of different fuel feedstocks is either co-fired with coal at the burners, separately burned at the special burners or used as reburning fuel [1] [2] [3] . The separation of gasification and co-firing processes is still relatively unpopular due to high unit investment [4, 5] . However, this technology can be regarded as safer, more efficient and more environmentally friendly than direct co-firing. Delaying the commercial deployment of gasification in the power industry and utilities sector is the need to substantially increase the energy conversion efficiency of gasification process. This means that the syngas should contain a large share of combustible components, mainly of light hydrocarbons, and therefore primarily methane. In addition, it 336 P. Motyl and J. Łach needs to have the lowest possible content of tars, dioxins, furans and polyaromatic hydrocarbons (PAHs).
The indirect co-firing of the syngas with coal cannot lead to exceeding the legally permissible emission levels, including the NO x emissions the reduction of which from power boiler furnaces is one of the difficult problems associated with coal combustion. For this purpose, the so-called primary and secondary methods are used [6, 7] . The first of them, based on the modifying the organization of the combustion processes, lead to reducing the NO x formation inside the combustion chamber while the latter consists in reducing the NO x emissions in the exhaust gas with the use of the efficient but expensive Selective Catalytic Reduction (SCR) technology. One of the important primary methods is the reburning or fueling in staging technology. In principle, one has to deal with the three-stage combustion of coal including: (i) primary combustion zone in which a main fuel is burnt; (ii) reburning zone with an injection of co-fuel establishing a fuel-rich zone; and (iii) burnout zone in which a secondary air is supplied. Reburning is still the subject of research in lab-scale, pilot and demo installations although its successive commercial environmentally friendly implementations in pulverized coal-fired boilers in the Japan known as MACT and A-MACT [8, 9] were fully successful and applied in new boiler installations. Similarly, effective reburning technologies were commercially implemented in the USA [10] [11] [12] while the full-scale tests have been conducted, e.g. in the UK [13] . Let us add that natural gas, very fine pulverized coal, coal emulsions and crude-oil were used as reburning hydrocarbon fuels. Each of these secondary fuels poses a number of technological and/or economic problems. To provide hydrocarbons for reburning in pulverized coal-fired boilers, the injection of syngas derived from gasification of different types of biomass and waste products (wood waste, agro biomass, bark, sawdust, peat, cardboard, railroad ties, plastics, municipal solid wastes, solid recovered fuels, etc.) was also investigated in lab-scale as well as pilot and demo installations. Such a technology is known as the indirect co-firing. Advantages and disadvantages of both direct and indirect biomass co-firing systems have been done e.g. in [14, 15] . The commercial examples of the latter are as follows: (i) the Kymijärvi combined heat and power (CHP) plant near Lahti in Finland (167 MWe, 240 MWth) with the Foster Wheeler circulating fluidized bed (CFB) gasifier operating on woody biomass, peat, paper, cardboard, tires and plastics [16] ; (ii) the Ruien coal-fired plant in Belgium (190 MWe) with the gasifier similar to that of the Kymijärvi CHP plant operating on wood chips, bark and board residues [17] ; (iii) the coal-fired CHP unit (600 MWe, 350 MWt) of the Amercentrale power plant in Geertruidenberg in Netherlands with the CFB gasifier operating on wood fuels such as demolition wood [18] ; and (iv) the Zeltweg power plant in Austria (344 MWt) (closed in 2001 for economic reasons) with the CFB gasifier operating on spruce bark, wood chips, sawdust, plastics railroad ties and old demolition Co-firing of coal with natural gas -computational simulations 337 wood [19, 20] . Despite the lack of DeNOx installation, the reduction of NO x emissions from the above-listed installations was from 5 to 10% of that during coal combustion. Further installations are described e.g. in [21] . Difficulties related to the implementation of experiments caused that indirect co-firing processes are increasingly analysed via numerical simulations usually using ANSYS Fluent CFD program. Our numerical results, concerning woody biomass-based syngas co-firing with coal in the original combustion chamber of the conventional OP230 boiler manufactured by RAFAKO with eight lowemission burners located at three levels on the front wall, have been given in [22, 23] . The input and some operating data were collected at the Białystok Thermal-Electric Power Station S.A. The woody biomass derived raw syngas containing 3% of methane was injected into combustion chamber via: (i) six nozzles added on the front wall at the level of the bottom row of burners [22] ; and (ii) three nozzles located on the side wall below the OFA nozzles [23] . The heat replacement by the co-fuel was about 7%. It was found that the reduction of NO x emission can reach about 10% [23] and about 20% [22] . Below, we present the results of simulations of co-firing of coal with natural gas. Like this, we intend to identify the effect of co-fuel type with high content of methane for the formation of favourable conditions for the reduction of NO x in a fuel-riche zone of the OP230 boiler. It is assumed that the injection of natural gas was carried out as in [23] . The results obtained can be used as a benchmark for comparative computer tests of indirect co-firing of coal with syngas derived from wood-and agriculturally-based biomass and waste products in the combustion chamber of the OP230 steam pulverized coal-fired boiler. The natural gas is considered as the standard co-fuel since reburning works best with methane.
Formulation of the problem
The goal of our study is to compare the preliminary computational results with regard to the reduction in NO x emissions during co-firing of natural gas with coal relative to the baseline case when only coal is combusted under normal operation conditions of the OP230 boiler. Both simulations were carried out using ANSYS program. The input and some operating data, i.e.: coal properties and boiler's full-load rating data, were collected at the Białystok Thermal-Electric Power Station S.A. Boundary conditions were derived using data acquired from the boiler manual. The size of the boiler is 8×26.7×8.66 m. The unit is originally equipped with eight low-NO x burners on the front wall manufactured by Ecoenergia, but it was assumed that only six of them are in operation. They are located equally at two heights: y = 7.4 m and y = 9.5 m, i.e. three at each height (Fig.1) . The chemical composition of coal is given in Table 1 and its calorific value was assumed to be equal to 23.44 MJ/kg. For simulation purposes, the dedicated nozzles supplying the combustion chamber with the natural gas were added on two walls at the height of the bottom row of burners y = 5.4 m. Assuming 5% (case 1) or 15% (case 2) of heat replacement by the supplemental fuel, we find the part of boiler power which should be obtained from combustion of natural gas. Knowing its lower heating value, we arrive to volume flow rate. The composition of natural gas is given in Table 2. As for OFA nozzles (after the boiler retrofit), four of them are installed on the front wall (y = 13.7 m) and two times more on the opposite wall (y =11.3 m and y = 13.7 m). The combustion and co-firing simulations were limited to a radiant furnace. This approach requires to keep the flue gas temperature distribution in the cross-section y = 19 m corresponding to the inlet into the boiler convective section. It must be pointed out that a small correction of air distribution in the combustion chamber has been made. This was associated with the transferring a part of air mass flow rate from the burners zone to OFA nozzles to remain both the proportion of air to coal in coal burners and overall balance of air supplied to the boiler (Table 3) . Such a treatment resulted in an air velocity increase in the nozzles and better mixing of the flue gas with secondary air. The methane introduced into the reburning zone produces the greatest possible number of hydrocarbon radicals CH i responsible for the NO reduction to primarily HCN (ΣCH i + NO = HCN + …). Next, in view of the oxygen deficiency, HCN is converted to amino radicals NH i which react with NO leading to the formation of molecular nitrogen (N 2 ). Finally:
Intermediate reactions involve hydrogen H and hydroxyl OH radicals [24] . This mechanism of NO reduction justifies the need to maintain a low excess air coefficient (λ = 0.7 to 0.9) in the reburning zone. In many secondary reactions of NH 2 , H 2 CN and HCNO formation, highly reactive hydrocarbon free radicals, CH, CH 2 and CH 3 , are of essential meaning. These conditions are not conducive to the NO x formation in the boiler furnace; therefore, their reduction can reach up to 80% depending on the methane percentage of total fuel [25] . Results of laboratory tests with injection of methane into the reburning zone during coal combustion are demonstrated e.g. in [26] . The NO x content was as follows: 480 mg/Nm 3 (at the inlet to the reburning zone), 120 mg/Nm 3 (at the level of secondary combustion air), and 148 mg/Nm 3 (at the outlet of the combustion chamber). Reduction in NO x emissions in real conditions (the Longannet plant -600 MWe, the Denver plant -172 MWe) have been described in [13] and [27] . It ranged from 40 to 70 %. In general, the efficiency of reburning depends also on excess air coefficient, stoichiometry and temperature of the reburning zone, flue gas and syngas compositions, residence time, etc. This means that many computational studies are needed to achieve the appropriate interrelationships. The OP230 boiler selected for our study is a unit in which the region of burners is the airdeficient combustion zone (λ < 1). To create conditions for the total carbon burnout, the secondary air is supplied into the combustion chamber through bottom and OFA nozzles. Such an oxygen distribution allows the examination of the placement of additional nozzles supplying the combustion chamber with syngas at the bottom burners level. In this way one can get an effect similar to the reburning. At the same time, the residence time of syngas particles in the combustion chamber is so long that promotes the destruction of harmful compounds that may arise in the process of gasification. Such an increase of fuel injection at the level of bottom burners should reduce the zone rich in oxygen derived from the additional air nozzles located on the side walls. This should translate into an increase of substoichiometric zone from bottom to upper burners. It was assumed in our computations that the first ones do not work. However, this procedure may give rise to an increased risk of sulfur corrosion. To avoid this, some additional shielding measures are needed. 
Results and discussion
The selected results of computational fluid dynamics (CFD) successful simulations of the coal combustion (case 0) and its co-firing with methane (case 1 and case 2) are shown in Figs. 2-8 . Temperature distribution in the boiler combustion chamber is illustrated in Fig. 2 while oxygen concentration is given in Fig. 3 . There is considerable interest in the area-weighted values of temperature and concentrations of O 2 and NO x corresponding to the characteristic heights in the boiler. They are shown in Figs. 4-8. It follows from Fig. 2 that in both cases considered, the co-firing leads to the diminution of zone with the temperature range 1600-1900 K at the OFA nozzles level. This results in reduced risk of high NO x emissions. It is also important that, the cofiring process does not lead to high increase in the average temperature in the top section of a combustion chamber compared with the coal combustion (Fig. 7) . This does not result in an increase of flue gas loss and means that, we do not have to deal with the increase in NO x emissions due to additional formation of thermal NO x . The co-firing process does not introduce significant changes in the operation of steam superheaters located above y = 19 m.
The main burners region is characterized by a deficiency of oxygen (λ < 1). To establish complete burnout of coal, the secondary air is supplied via nozzles located on the side walls in the bottom level of main burners region and OFA nozzles. In addition, such a solution protects surfaces of combustion chamber against excessive sulphur corrosion and prolongs the combustion process by gradually supplying the air to fuel. Next, the dedicated nozzles delivering the natural gas and situated near bottom air nozzles ( Fig. 1) limit the oxygen distribution in the bottom region of the combustion chamber.
Co-firing of coal with natural gas -computational simulations 341 Thereby, an enlarged substoichiometric zone promotes the reduction of nitrogen oxides. Co-firing of coal with natural gas -computational simulations 343 Let us observe that this effect is achieved at the expense of the increased risk of the protection of the combustion chamber screens against high temperature corrosion. It seems that for this reason, the proposed method of NO x reduction can be applied to a limited extent. The computational results (Fig. 8) showed that, the indirect co-firing coal with the co-fuel with high content of methane injected through additional nozzles added on two walls at the height of the bottom row of burners, can result in the reduction of NO x emissions about 40 % compared with the coal combustion. 
Conclusions
The computational tests of the co-firing coal with natural gas in the combustion chamber of the conventional OP230 boiler with low-emission front burners and OFA nozzles were designed to determine the benchmark for comparative computer tests of indirect co-firing of coal with syngas derived from wood-and agriculturally-based biomass and waste products. The preliminary computational results showed that high content of methane injected through additional dedicated nozzles can result in the considerable reduction of NO x emissions compared with the coal combustion. It would be interesting to determine the relationship between the scale of the reduction and the co-fuel type providing hydrocarbons to the combustion chamber. In addition, the indirect co-firing of the syngas with coal can be safer, more efficient and more environmentally friendly than direct co-firing. It cannot lead to the increased risk of the protection of the combustion chamber screens against high temperature corrosion. Since co-combustion of methane-rich gaseous fuel with coal translates into a high degree of NO x reduction, one should strive to conduct a gasification process in gasifiers in such a way that the syngas obtained is characterized by the highest possible methane content. Such a co-fuel should be injected into the combustion chamber of the boiler through dedicated nozzles. It seems that, if the syngas has a low content of methane, just before its usage it should be mixed with natural gas. This way one can obtain the optimum degree of reduction in nitrogen oxides independently from the fuel utilized in a gasification process. This postulate seems to be reasonable, but requires further detailed research.
